These experiments tested the hypothesis that differences in the distribution of subepicardial and subendocardial microvascular resistances may alter the transmural distributions of microvascular pressures. Isolated blood-and physiological saline-perfused porcine hearts were surgically incised to enable exposure of the subendocardial and subepicardial microcirculations. Microvascular pressures were measured during cardiac arrest and maximal vasodilation at various perfusion pressures to formulate relations between perfusion pressure and microvascular pressure in the different subendocardial (both free wall and papillary muscle) and subepicardial segments. Measurements of arteriolar and venular pressures in both myocardial regions were performed in comparably sized vessels (80-120 ,um in diameter). At a coronary perfusion pressure of 100 mm Hg, subendocardial arteriolar and venular pressures were 60±4 and 33+3 mm Hg, respectively. In contrast, at the same coronary perfusion pressure, arteriolar and venular pressures in the subepicardial microcirculation averaged 80±6 and 22±3 mm Hg, respectively (p<0.05 versus subendocardium). At all levels of coronary perfusion pressure, arteriolar pressures were significantly lower in the subendocardium than in the subepicardium (p<O.O5). Venular pressures were also higher in the subendocardial microcirculation than in the subepicardial microcirculation at all but the lowest perfusion pressure (p<0.05). The relative distribution of resistances in arteries, microvessels, and veins was also different between the subepicardium and subendocardium. Specifically, in the subendocardium, arterial and venous resistances were higher, percentagewise, but microvascular resistance was proportionately lower than that in the subepicardium (p<0.05). From these data, it is concluded that the distribution of microvascular resistances and pressures is different during maximal vasodilation in the subepicardial and subendocardial microcirculations of the left ventricle. It is also speculated that differences in autoregulatory capacity and vulnerability to ischemia may be partially related to unequal distribution of microvascular resistances across the wall of the left ventricle. (Circulation Research 1991;69:561-570) gen consumption 20% higher in the subendocardium than in the subepicardium5 and that postulated unequal distribution compressive forces and stresses across the wall of the left ventricle.6,7 An alternative explanation for transmural differences in coronary blood flow is that resistance vessels in the different transmural regions are governed by different physiological regulatory mechanisms. This concept is supported by studies of isolated arterioles from the subepicardial and subendocardial regions. Myogenic constriction and dilation (i.e., pressure-dependent autoregulation) was present over a larger pressure range in epicardial as opposed to endocardial arterioles.8 Also, pharmacological evidence from intact preparations demonstrated that 182-adrenergic agonists caused preferential epicardial vasodilation,9 that adenosine in low doses produced preferential
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The goal of this study was to evaluate an alternative factor that may explain differences between the regulation of blood flow to the subepicardium and subendocardium. Specifically, this study tested the hypothesis that differences in the distribution of the subepicardial and subendocardial microvascular resistance may account for transmural variations in autoregulation and susceptibility to pathophysiological disturbances. This hypothesis is based on coronary vascular anatomy, in which penetrating transmural vessels traverse from the epicardium to the endocardium (refer to Figure 1 -5 of Reference 16). These vessels usually arborize, and with each successive branch point, the diameter of the penetrating vessel decreases. Because vascular length and the decrease in vascular diameter would increase resistance of these vessels, it was hypothesized that transmural arteries would possess a significant portion of vascular resistance to blood flow in the subendocardium. Resistance in transmural vessels upstream from the subendocardial microcirculation would, in essence, decrease the effective perfusion pressure in the downstream subendocardial arterioles. Low arteriolar pressure would decrease the driving pressure across the subendocardial microcirculation, thereby enhancing the vulnerability of this region to ischemia and hampering autoregulatory adjustments.
To test this hypothesis, an isolated heart preparation was surgically prepared to enable exposure of the subepicardial and subendocardial microcirculations. Microvascular pressures in the subepicardial and subendocardial microcirculations were measured at different perfusion pressures during maximal coronary vasodilation to evaluate relations between perfusion pressure and microvascular pressure in the two transmural locations.
Materials and Methods
Pigs (7-15 kg, 8-12 weeks, n=39) of either sex were sedated with 25 mg/kg i.m. ketamine and 2.25 mg/kg i.m. rompun (Haver-Lockhart, Cutter Laboratories, Shawnee, Kan.) and anesthetized with 30 mg/kg i.v. sodium pentobarbital (Abbott Laboratories, North Chicago). After intubation, the right carotid artery was exposed and cannulated, and a left thoracotomy was performed through the fifth intercostal space. Heparin (1,000 units/kg) was administered via the carotid catheter. After these procedures, blood was rapidly withdrawn from the carotid catheter (1-3 minutes) to exsanguinate the pig and collect blood for the perfusion system described below. After this procedure, the heart was removed and placed in cold (4°C) physiological saline solution.
The isolated heart was positioned in a Plexiglas chamber. A mixture of physiological saline (mM: NaCl 128, KCl 5, CaCl2 2, NaHCO3 20, and NaH2P04 0.5) and blood (usually -30-40% whole blood), which resulted in a hematocrit of 15-25%, was used to perfuse the heart. The heart was perfused via a stainless-steel cannula that was inserted into the left main coronary artery and tied in place. The venous outflow from the heart was drained into a peristaltic pump that pumped the blood into an oxygenator (75% N2-20% 02-5% CO2)-heat exchanger (37°C).
From the oxygenator-heat exchanger, blood was pumped through a filter into a pressurized reservoir. The volume of blood in the pressurized reservoir was maintained constant with a feedback system that controlled the pump. From the pressurized reservoir, blood flowed through a mixing chamber, which was used for drug and/or radioactive microsphere infusions. Downstream from the mixing chamber, blood passed through tubing with two side branches to attached catheters, which were used for collection of blood for analysis of blood reference samples of different microspheres. Blood then passed through a Doppler flowmeter, which was contained within a stainless-steel tube, and then finally through the left coronary cannula into the vasculature. Pressure was measured at the tip of the left coronary cannula using a strain gauge (Statham P23db, Gould, Cleveland, Ohio) and was varied by adjusting a regulator connected to the pressurized reservoir. After successful cannulation of the left coronary artery and initiation of blood-saline perfusion, viability of the preparation was ascertained by vigorous cardiac contraction and the presence of coronary vasodilator reserve (ability to increase blood flow two to three times above control), as assessed with the Doppler flowmeter.
Doppler measurements of blood flow were also used to ensure that the preparations were stable, that is, that the flow was not decreasing during the course of an experiment. Once viability had been established and the preparation was stable, the posterior ventricular wall was incised at the junction of the interventricular septum and the free walls of the left and right ventricle. The cut edges were then hemostatically clamped with long, atraumatic forceps.
Microvascular pressures were measured using the servo-null technique (IPM, Inc., San Diego).'7'18 Micropipettes with a 1-2-gm tip were filled with 1.5 osm NaCI and beveled using a 0.3-,um alumina grit at an angle of 20-30°. Micropipettes were connected to the servo-null system and positioned on a micromanipulator. By use of a stereo microscope (Wild model 650, Leica, Inc., Rockleigh, N.J.), the micropipette was positioned in arterioles and venules in either the subepicardium or subendocardium. To ensure that intraluminal microvascular pressures were measured rather than artifacts, several criteria had to be satisfied. First, visual location of the point of insertion of the micropipette into a vessel had to be ascertained using the stereomicroscope. Second, if the pipette was in the lumen, increasing the gain of the servonull apparatus would cause high-frequency oscillations superimposed on the pressure tracing, but mean pressure would not change. If the pipette was not in the lumen of the microvessel, increasing the gain would not produce oscillations and gross changes in mean pressure occurred. Third, microvascular pressure had to follow changes in coronary perfusion pressure. This was verified by slowly adjusting the regulator to the pressurized reservoir causing changes in coronary perfusion pressure. Once these three criteria were satisfied, microvascular pressure measurements were obtained over the course of several minutes. Similar criteria have been used to ensure that intraluminal pressures were measured in microvessels of the beating heart.19,20 Diameters of microvessels were measured using intravital video microscopy. Images from the stereomicroscope were captured by a video camera (Pulnix American, Inc., Sunnyvale, Calif.) and recorded (Panasonic, Secaucus, N.J.) on videotape. These videotaped images were then digitized using a frame grabber (Imaging Technology, Woburn, Mass.) and displayed on a high-resolution monitor (Conrac, Covina, Calif.). The measuring system consisted of a magnetic digitizing tablet (Summagraphics Corp., Fairfield, Conn.) in which cursors were aligned along the edges of a vessel, and a computer program was used to correct for magnification and calculate diameter. The measuring system was calibrated by a micrometer grid displayed on the screen. Microvascular diameters were measured several times (three to five times) using different images of the blood vessel obtained over 30 seconds. The average value of these measurements was used for data analysis.
Regional myocardial blood flow was measured using the radioactive microsphere technique. Microspheres (New England Nuclear, DuPont, Wilmington, Del.) were sonicated for 15-30 minutes and then vigorously vortexed for 1-3 minutes before injection.
Approximately 2-5 x 10' microspheres (15 ,um in diameter) were injected over a 10-20-second period into the mixing chamber. Blood was collected using a constant withdrawal pump at a rate of 3.82 ml/min from the catheters attached to the side branches, as described previously, beginning 15 seconds before the microsphere injection and continuing for 1.5 minutes after completion of the injection. After completion of the experiment, the left ventricle was fixed in 4% buffered formaldehyde. The left ventricle was dissected into transmural sections, and each section was divided into thirds: subepicardium, midmyocardium, and subendocardium. Each tissue section weighed at least 0.5 g. Blood flow was measured microvascular pressures using microspheres labeled with different nuclides (46Sc, 85Sr, "'Sn, and 153Gd).
Blood and tissue samples were assessed for nuclide activity using a sodium iodide, gamma counter-multichannel analyzer (Nuclear Data, Schaumburg, Ill.). Nuclide overlap was corrected by using standard formulas, and blood flow (MBF) per gram tissue was calculated by computer using the formula MBF=Cm* WrICr where Cm is the tissue activity per gram for a nuclide (counts/min g), Wr is the withdrawal rate of the syringe for the reference blood flow (ml/min), and Cr is the nuclide activity of the blood reference sample (counts/min). Activities of the two reference samples had to be within 15% of each other to ensure adequate dispersion and mixing of the spheres. All measurements met this criterion. Tissues and blood reference samples contained at least 1,000 or 2,000 microspheres, respectively. This was estimated from the specific activity of the microspheres and from nuclide activity in the blood or tissue after correction for nuclide decay and counting efficiency. Based on calculations provided by Dole et al,21 the error of the blood flow measurements would be -10%.
Experimental Protocols
Two different experimental protocols were used in the present study. In the first experimental protocol (n=23), after viability was established (refer to data analysis), the isolated hearts were arrested with lidocaine (50-100 mg) or sodium pentobarbital (150 successful experiments from the first protocol and from five successful studies from the second protocol.
The distribution (percentage) of resistance in the subepicardial and subendocardial microvascular segments was calculated as follows. The arterial compartment was defined as the pressure drop between the site of the left main coronary artery (coronary perfusion pressure measurement) and the site of measurement of coronary arteriolar pressure in either the subendocardium or subepicardium. The microvessel compartment was defined as the pressure drop between the arterioles and the downstream venules in either the subepicardium or subendocardium. The venous compartment constituted the pressure drop from the veins to zero (atmospheric pressure to which the venous system was drained).
Relative resistances (percentage) of the different compartments were calculated as relative resistance (%)=pressure drop across compartment/coronary perfusion pressure x 100.
Differences among microvascular pressures and relative resistances were analyzed by analysis of variance. Specific intergroup differences (e.g., subepicardium versus subendocardium) were assessed by Scheffe's multiple comparison test. 22 Myocardial blood flow was analyzed by analysis of covariance to facilitate comparisons of intact versus incised preparations in the same region over the range of pressures (e.g., pressure-flow relations in the subendocardium of intact and incised preparations).22 Regression lines of flow versus pressure were analyzed for the different regions, and comparisons of the slopes and intercepts of the lines were performed. A probability value of p <0.05 was accepted as statistical significance. All values are reported as mean ± SEM.
Results

Myocardial Blood Flow
Measurements of maximal regional myocardial blood flow from the two different protocols and the regression equation for the pressure-flow relation are shown for each region in Table 1 . There were no significant differences in the pressure-flow relations between the intact and incised preparations. There was a general tendency for lower flows to occur in the incised preparations (i.e., lower slopes), but significance was not attained.
Coronary Microvascular Pressures and Diameters
In the subepicardium, the diameters of the coronary arterioles and coronary venules were 111±12
,um (n=9) and 93+8 ,um (n=11), respectively. In the subendocardium, the coronary microvessels were similarly sized: arterioles were 96±13 gm in diame- Coronary Perfusion Pressure (mmHg) ter (n = 12); venules were 105 + 16 gm in diameter (n=13). The microvascular pressure measurements from the inner region were obtained from both the left ventricular free wall (n =3, arterioles; n =2, venules) and the anterior papillary muscle (n =9, arterioles; n=11, venules). Microvascular pressures from the inner region (i.e., the ventricular free wall and papillary muscle) were equivalent at the various coronary perfusion pressures; thus, the data were combined into a single group termed "subendocardium." Pressures in the subendocardial and subepicardial microvessels are shown in Figure 1 . Compared with the subepicardium, arteriolar pressures in the subendocardium were significantly lower at all coronary perfusion pressures (p<0.05). In contrast, subendocardial venular pressures were significantly higher than subepicardial venular pressures at all but the lowest coronary perfusion pressure (p<0.05). Figure 2 illustrates the microvascular (arteriolarvenular) pressure gradient in the subepicardial and subendocardial microcirculations. At the various coronary perfusion pressures, the subendocardial microvascular pressure gradients were less than those in the subepicardium (p<0.05). Figure 3 illustrates the relative (percentagewise) distribution of resistance in arteries, veins, and microvessels from the subepicardium and subendocardium. At all coronary perfusion pressures, the proportionate subendocardial arterial and venous resistances were greater than those in the subepicardium (p<0.05). In addition, microvascular resistance in the subendocardium was significantly lower than that in the subepicardium (p<0.05). Critique of the Model and Methodology An isolated, porcine heart preparation was used for the present investigation. This preparation was incised to enable exposure of both inner and outer surfaces and acquisition of microvascular pressure and diameter measurements during maximal vasodilation to estimate components of vascular resistance in the subepicardium and subendocardium. This preparation was essential for enabling measurements of subendocardial microvascular parameters during maximal vasodilation, but it should be mentioned that it is not entirely normal. Pharmacological arrest of the heart and incision of the ventricle both could influence microvascular hemodynamics; however, pressure-flow relations were not different between the two preparations, suggesting, at least, that incision did not cause major disturbances. Measurements of coronary blood flow by the Doppler flowmeter were stable during the course of the experiments, indicating that edema was not occurring. It is likely that the mixture of whole blood, both red blood cells and protein, with physiological saline helped maintain the integrity of the exchange vessels and prevented myocardial edema. 23, 24 Another aspect of the preparation should be elaborated: the coronary circulation possessed vasodilator reserve sufficient to increase coronary blood flow two to three times above resting levels. It is worth noting that coronary reserve in the isolated heart preparations was reduced from normal, because, in the intact, conscious pig, coronary vasodilation will result in about a fourfold increase in blood flow or fourfold decrease in resistance. 25, 26 It is important to note that flows and resistances that were measured in the present study during maximal vasodilation were comparable to those in conscious animals with adenosine-induced vasodilation25,26; thus, at least the maximal blood flows during vasodilation were comparable to intact porcine preparations.
Discussion
Calculation of resistance from the pressure distribution assumes a certain degree of homogeneity in the microvascular network. Although it has recently been demonstrated that the coronary microcirculation is characterized by inhomogeneity of microvascular resistances of discrete myocardial segments,27 it is worth emphasizing that pressure measurements in the subepicardium and subendocardium were routinely completed at specific sites in the ventricular myocardium. In the subendocardium, microvascular pressures were made primarily in the region of the anterior papillary muscle: at the tip of the muscle and on the ventricular free wall near the tip of the papillary muscle. In the ventricular subepicardium, microvascular pressure measurements were made from microvessels that were in the perfusion territories of the diagonal branches from the left anterior descending artery. It is probably because of the consistency in the location of the measurements that the variance of the pressure measurements was small, indicating relative uniformity in the distribution of resistance at similar anatomic locations between the various preparations.
In the aggregate, it would have been more ideal to have studied subendocardial microvascular dynamics under more physiological conditions (in the intact, beating ventricle), but the technology for such a study is not currently available. Our experimental preparation was essential to acquire measurements of regional subendocardial hemodynamics during maximal vasodilation and to approximate structural components involved in the distribution of resistances across the left ventricular wall.
Considerations of Other Studies in the Literature
It has been well established that the portion of the left ventricle most vulnerable to ischemic damage is the subendocardium.28'29 Moreover, autoregulation fails first in the subendocardium.1-3 Specifically, subendocardial blood flow is effectively autoregulated to perfusion pressures of -40-60 mm Hg, whereas that in the subepicardium is not reduced until pressures <30-40 mmHg are attained. The precise explanation for transmural differences in autoregulation and vulnerability to ischemia is uncertain, but several hypotheses have been proposed. For example, it has been thought that the subendocardium during systole is subject to greater extravascular compressive forces and tissue pressures.6,7'30-33 With greater compression in the subendocardium during systole, an effective back flow would occur from this region,6'34'35 which has been speculated to perfuse the subepicardial regions.36 Thus, myocardial blood flow to the subendocardial region is thought to occur during diastole. This concept, although difficult to prove, is supported by studies showing that, with exclusive systolic perfusion, blood flow is compromised to the greatest extent in the subendocardial regions.31'37-39 A second hypothesis that explains subendocardial vulnerability to ischemia relates to observations indicating that the subendocardium consumes -20% more oxygen than the subepicardium5 and that the tissue oxygen tension is also lower.40'41 Thus, both compressive factors, which impede oxygen delivery to the subendocardium during contraction, and the enhanced metabolic requirements of this region may contribute to transmural variations in vascular tone. Although the present results do not dispute these data, they offer another potential reason that may partially account for the ventricle to ischemia. Specifically, differences in the structural components of vascular resistance may contribute to transmural variations in autoregulatory capacity and susceptibility to ischemia. In the maximally vasodilated heart, arteriolar pressures are lower in the subendocardium than in the subepicardium, which, in essence, reduces the effective driving pressure for flow across the subendocardial microvascular bed. Thus, inherent differences between endocardial and epicardial resistances may be partially responsible for transmural gradients in vasodilator reserve.
It is important to emphasize that, in the subendocardium, the pressure drop across the microvascular bed is much less (twofold) than that in the subepicardium, which implies lower microvascular resistance in the subendocardial region. The lower subendocardial microvascular resistance may be evidence of an adaptation by the coronary circulation to maintain adequate myocardial perfusion and vasodilator reserve despite the transmural variations in compressive forces, oxygen consumption, and transmural vascular resistance.
The anatomic basis for differences between microvascular resistances in the subepicardium and subendocardium is not apparent from the literature. Lower microvascular resistance in the subendocardium is consistent with an observation that indicated that the arteriolar volume, measured with a radioactive Ba`+-gelatin mixture, of the subendocardium is approximately twice that of the subepicardium.42 This result should be compared with the present results with caution, because the measured pressure drop across the microcirculation in the present study includes elements of resistance from arterioles, capillaries, and venules, whereas the volume measurements represented only small arteries and arterioles. On the other hand, morphometric measurements of capillary density were found to be equal in the subepicardial and subendocardial regions of pigs and dogs.43 '44 Also, uniform arteriolar densities in the subendocardium and subepicardium have been reported.45 '46 It can be argued that morphometric estimates of arteriolar numerical density in the subendocardium may be misleading for a variety of reasons. If, in vivo, subendocardial arterioles are exposed to relatively low distending pressures, the smooth muscle medial layer may not be as fully developed as in subepicardial arterioles at higher pressures. A poorly developed media may hamper morphometric identification of arterioles by conventional techniques. Also, problems related to adequate subendocardial fixation or stereological problems of vessel orientation may cause difficulties in estimation of numerical density. Also, the arteriolar volume measurements are also subject to criticism, because the radioactive indicator, which was assumed to measure volume of only arteries and arterioles, could have also entered downstream vascular compartments (e.g., capillaries), thus overestimating the true arteriolar volume. Another possibility for transmural variations in resisvulnerability of the subendocardial regions of the left tance is that discrete differences in branching patterns of the coronary microvasculature could potentially contribute to transmural variations in resistance. In this regard, if the length of the arterioles between successive branch points was less in the subendocardium than in the subepicardium, microvascular resistance would also be lower. In the aggregate, the anatomic basis for our results is not evident, but such studies should definitely be the subject of future investigations.
Physiological Implications
Most experimental measurements of myocardial blood flow are made using devices that enable instantaneous measurements of blood flow or blood flow velocity to the myocardium as a whole or using radioactive microspheres or radioactive diffusible indicators for regional measurements. 47 The main limitation of such measurements is that partitioning of vascular resistance into discrete segments (i.e., arterial, microvascular, and venous) cannot be accomplished. Measurements of microvascular pressure are a prerequisite to understanding the control and contribution of different resistances within the coronary microcirculation. In the subepicardium of the beating heart, measurements of microvascular pressures in various-sized vessels have been used to infer the distribution of microvascular resistances. 19, 20, 48, 49 During a variety of conditions ranging from intact vasomotor tone to intense vasodilation with dipyridamole, the majority of coronary resistance in the subepicardium is located in coronary arterioles <100 g.m in diameter.2048 The present results indicate that microvascular pressure and resistance data acquired from the subepicardium may not be readily (or accurately) extrapolated to the subendocardium. Specifically, in the subendocardium and subepicardium, the arterial components of resistance constituted 30-45% and 20-25%, respectively, of total coronary resistance at the different perfusion pressures.
As noted previously, the microvessel compartment in the subendocardium offered significantly less resistance to flow (i.e., lower pressure drop) than that in the subepicardium. It is tempting to speculate that the lower microvascular resistance in the subendocardium is an adaptation of the coronary circulation to compensate for the lower arteriolar driving pressures. Such an adaptation would tend to reduce overall vascular resistance in the subendocardium, thus enabling normal myocardial perfusion, despite the increased upstream arterial resistance. In a variety of different organ systems, reductions in perfusion pressure have been shown to stimulate vascular growth and even promote angiogenesis.50-53 Furthermore, if compressive forces are greater in the subendocardium, resulting in greater extravascular resistance, low subendocardial microvascular resistance also serves to counterbalance the high compressive forces. Taken together, the present results and those from the literature suggest that reduced resistance in the subendocardial microcirculation is a coronary vascular compensation to the low driving pressure and, perhaps, to high compressive forces in this region.
The pressure drop across the venous segment of the subendocardial microcirculation was also greater than that in the subepicardium. This 
Conclusions
In the isolated, incised, maximally dilated heart, subepicardial and subendocardial vascular resistances and pressures are not uniformly distributed. Specifically, in the subendocardium, arteriolar pressure was lower than that in the subepicardium, indicating higher resistance of upstream transmural arteries. Also, the pressure drop across the subendocardial microcirculation was much less (50%) than that in the subepicardium, suggesting that microvascular resistance is lower in the subendocardium. These differences in microvascular pressures and resistances across the wall of the left ventricle may contribute to factors resulting in the subendocardialsubepicardial variations in autoregulatory capacity and vulnerability to ischemia.
